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We present energy-momentum mapping of surface Dirac photocurrent in the topological insulator
Sb2Te3 by means of time- and angle-resolved two-photon photoemission spectroscopy combined with
polarization-variable mid-infrared pulse laser. It is demonstrated that the direct optical transition
from the occupied to the unoccupied part of the surface Dirac-cone permits the linear and circular
photogalvanic effect which thereby enables us to coherently control the surface electric-current by
laser polarization. Moreover, the photocurrent mapping directly visualizes ultrafast current dynam-
ics in the Dirac cone as a function of time. We unravel the ultrafast intraband relaxation dynamics
of the inelastic scattering and momentum scattering separately. Our observations pave the pathway
for coherent optical control over surface Dirac electrons in topological insulators.
PACS numbers:
A realization of functional capabilities to generate and
control highly spin-polarized electrons is a central sub-
ject in the research for spintronic application [1]. As a
promising spintronic material, spin-polarized topological
surface state (TSS) in three-dimensional topological insu-
lators (TIs) has grabbed particular attentions [2, 3]. The
TSS forms Dirac-cone-like energy dispersion [4, 5] and ex-
hibits chiral spin texture in momentum space due to the
strong spin-orbit coupling (SOC) [6–9]. In recent years,
the TIs face a new challenge for an optical control over a
net spin-polarized electric current of the TSS in out-of-
equilibrium. It was shown that a polarization-dependent
asymmetric optical excitation of the TSSs in momentum-
space, the so-called photogalvanic effect, generates the
photocurrent [10–13], suggesting optospintronic devices
based on the TIs. All these performances rely on the
ultrafast excitation and dynamics of hot TSS carriers,
which has been intensively investigated in a number of
different experiments, optical reflectivity [14, 15], opti-
cally triggered detection of photocurrent [11]. However,
in these bulk sensitive experiments, the finite bulk re-
sponses generally govern the total signal and therefore
pure TSS dynamics is hardly detected.
Recently we have shown great capabilities of time- and
angle-resolved two-photon photo emission spectroscopy
(2PPE) combined with mid-infrared (mid-IR) pump
pulses to generate and detect the surface photocurrent in
a TI, Sb2Te3 [16]. 2PPE can visualize the photocurrent
excitation and dynamics through the direct mapping of
the asymmetric momentum-distribution of the optically
excited electrons as a function of time [17]. Moreover,
in contrast to other 2PPE experiments on TSSs with
higher excitation energy typically 1.55 eV [18–22] and
visible range [23, 24], the low energy excitation of mid-
IR enables us to investigate the surface dynamics owing
to a suppression of indirect excitations of the TSS from
the higher-lying bulk states. Surprisingly, it was found
that the mid-IR excitation causes a direct optical exci-
tation from the occupied to the unoccupied TSS across
the Dirac point and the coherent optical transition more-
over generates the surface photocurrent even by using
linearly polarized light. The next stage hence becomes a
challenge for an optical control over the coherent optical
transition and the resulting surface photocurrent. Al-
though this is generally believed to be achieved by using
circularly polarized light [10, 11, 25], some THz experi-
ments showed that the circular polarization plays only a
minor role in generating the photocurrent [26, 27].
In this Letter, by presenting an investigation of light
polarization dependence in the coherent optical transi-
tion, we provide a direct evidence that the surface Dirac
current can be coherently controlled through the linear
and circular photogalvanic effect while the current direc-
tion is insensitive to the light polarization. By monitor-
ing the decay of the photocurrent in energy-momentum
space, we furthermore uncover different intraband dy-
namics of the current in the surface Dirac-cone.
Details of our optical setup are described in the Supple-
mental Material [28]. In our 2PPE measurements, elec-
trons were excited into initially unoccupied states with
mid-IR laser pulses (hν1=0.35 eV, 100 fs) or visible laser
pulses (hν1=2.58 eV, 80 fs). The polarization of these
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FIG. 1: (Color online) (a) Excitation scheme for the transition into the TSS in 2PPE experiment. (b) Experimental geometry
where a mirror plane of the surface coincides with the plane of incidence (red square) perpendicular to the detection plane of
photoelectrons (blue square). The triangle depicts the C3v surface symmetry. (c) and (f) Angle-resolved 2PPE spectra at 200 fs
after temporal overlapping pump and probe pulses of Sb2Te3 by using hν1=0.35 eV and 2.58 eV, respectively. (d) and (g)
Transient 2PPE intensities for different pump polarization within the integration windows around E−EF=0.28 eV denoted by
solid line in (c) and (f). (e) and (f) The corresponding normalized transient intensities, which are defined as I(±k||)/Itotal(±k||)
where Itotal(±k||) is the integration intensity for a period of the mid-IR polarizations. The data are shown with the fitting
results with Equations (1) and (2). The phase shift can be see in (d) and (e), which is found to be ∼20◦ of λ/4-waveplate angle
pump pulses was controlled by λ/4-waveplate, from hor-
izontal linear polarization (HR) to right- or left-circular
polarization. The polarization-dependent populations in
the transients was subsequently probed by photoemis-
sion of these electrons using ultraviolet (UV) laser pulses
(hν2=5.16 eV, 80 fs) [Fig. 1(a)]. The experiments were
carried out in a µ-metal shielded UHV chamber at a base
pressure of 4×10−11 mbar. Photoelectrons were collected
by a hemispherical analyzer (Specs Phoibos 150) with a
display-type detector and along the high symmetry line
Γ¯-K¯ [see Fig. 1(b)]. Single crystal of p-doped Sb2Te3
were cleaved in situ by the Scotch tape method at a pres-
sure of 3×10−10 mbar followed by a rapid recovery back
to the base pressure within a minute. The Dirac point
(DP) in the sample is located around 150 meV above the
Fermi energy (EF). During the measurements the sample
temperature was maintained at 80 K.
Figure 1(c) displays a representative angle-resolved
2PPE intensity maps at 200 fs after temporal overlap-
ping by using hν1=0.35 eV for HR. The population of the
TSS is pronounced at a specific energy around 280 meV
due to the direct optical transition from the lower part
of the occupied TSS, and it shows much more prominent
for −k|| compared to that for +k|| reflecting the transient
TSS current excited by using HR [16]. As a heart of our
interests, we monitor the direct population by changing
polarization of mid-IR pump pulses. Figure 1(d) repre-
sents the polarization evolution of the direct population
for ±k||, which are integrated within the windows de-
noted by solid line in Fig. The data shows that the both
populations oscillate as a function of the polarization and
the population for −k|| is always larger for any polariza-
tion. The polarization of mid-IR, thus, plays only a minor
role in the direction of the TSS photocurrent. To clarify
the polarization dependence for ±k||, which is superim-
posed on the strongly asymmetric population, we show
in Fig. 1(e), the 2PPE signal in which the oscillation am-
plitude of Fig. 1(d) are normalized by the total intensity
[see the caption of Fig. 1]. We find a clear difference in
the polarization evolutions for ±k|| as a phase shift: the
population maximum for −k|| (+k||) shifts to right (left)
with respect to the angle of λ/4-waveplate for HR. In
sharp contrast to these results for mid-IR excitation, the
strong asymmetric population and the phase shift are not
seen in the 2.58 eV excitation as shown in Figs. 1(f)-(h),
in which the populations are mostly indirect fillings [24].
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FIG. 2: (Color online) Pump polarization dependence of the
normalized differential intensity (A) that is defined by Equa-
tion (1). The data points (denoted with closed circles) are
obtained from the data of Figure 1(e). The red and blue lines
are fitting results for the surface photocurrent due to circu-
lar and linear photogalvanics effects, respectively. The angle
difference in λ/4-waveplate angle between the photocurrent
minimum and maximum is found to be nearly 50◦.
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FIG. 3: (color online) Time and energy evolution of the surface photocurrents. The normalized transient intensities for the
TSS at the direct excitation energy [(a)-(c)] and near the Dirac point [(d)-(f)], which are both integrated within the energy
windows shown in figure 1(c). The data are selectively shown at several representative delay-time of pump and probe pulses
(∆t=50, 200, 900 fs). The bottom figures represents the corresponding polarization dependence of the surface photocurrent.
The data are shown with the fitting results with Equation (1) and (2).
Therefore, the both are unique products of the coherent
optical transition of mid-IR pulse, indicating the presence
of the polarization-driven photocurrent.
We now turn to describe a more detailed analysis of
the polarization driving photocurrent with the popula-
tion asymmetry (A) defined as
A =
I−k|| − I+k||
I−k|| + I+k||
. (1)
where I±k|| are the 2PPE signal for ±k||. Figure 2 rep-
resents A of the direct population. We observe a small
polarization dependence within ±8 % and a polarization
independent component of 60 % related to the strongly
asymmetric population as clearly seen in Fig. 1(d). The
polarization dependence of A precisely indicates the pres-
ence of the phase shift observed in the transient electron
populations in Fig. 1(e). Remarkably, the value of A
becomes the maximum or minimum when the light po-
larization is tuned to be in between circular polarization
and HR. The relative angle of λ/4-waveplate for produc-
ing the maximum and minimum A is found to be nearly
50◦. This cannot be explained only by the helicity depen-
dence that must induce 90 ◦ of the phase shift. In fact,
the observed polarization dependence away from the sim-
ple helicity dependence was also reported in the previous
photocurrent transport experiments suggesting superpo-
sition of linear and circular photogalvanic effect [10, 11].
To decompose the linear and circular photogalvanic
effect, we describe the surface photocurrent as follows:
A = Ccos2θ + Lcos4θ +D. (2)
The coefficient Cand L parameterize the helicity- and
the linear-polarization-dependent photocurrent, respec-
tively. The third term (D) evaluates the polarization-
independent photocurrent. The result of the fitting anal-
ysis with Equation (2) is shown in Figure 2. Clearly, this
simple model can reproduce the polarization-dependent
A and even the phase shift of the transient population as
shown in Figs. 1(d) and (e). We find that the linear polar-
ization of the mid-IR pump laser contributes to the sur-
face photocurrent rather than the circular polarization.
We attribute the large linear polarization dependence to
the elliptical polarization radiation [26]. These results
directly demonstrate that the direct optical coupling of
the TSS allows the photogalvanic effect and thereby en-
ables us to coherently control the amplitude of the surface
electric-current.
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FIG. 4: (Color online) (a) Temporal evolutions of the mag-
nitude of linear polarization dependence L (closed circles) at
Edirect and (closed squares) near the Dirac point (EDP), which
were both obtained from the fitting analysis from Fig. 3.
These are compared to the polarization-independent pho-
tocurrent which is taken from our previously result [16]. (b)-
(d) Schematic of the TSS photocurrent excitation by using
mid-IR pump and its decay dynamics, showing (b) the direct
optical transition of the TSS coherently generating the sur-
face photocurrent, (c) the excited electron at Edirect populates
the lower unoccupied Dirac-cone through inelastic intraband
scattering (Γi) within 200 fs. (d) The surface photocurrent
decays through the intraband momentum scattering (Γke).
Figure 3 summarizes the polarization evolution of the
normalized I±k|| and A monitored at different energy
and delay time (∆t). Near the temporal overlapping
(∆t=50 fs), we already see the clear phase shift and the
resulting polarization dependence in the TSS photocur-
rent at the direct excitation energy (Edirect) [Fig. 3(a)],
while these are negligibly small at energy around DP
[Fig. 3(d)] and in the bulk conduction bands [28]. The
results, therefore, indicate that the direct excitation is an
important factor to coherently control the electric surface
currents via the photogalvanic effect. Interestingly, after
200 fs, the transient populations near the DP start to
display a clear phase shift [Fig. 3(e)]. Finally, the phase
shift at Edirect and near DP disappears after 900 fs al-
thoughD considerably remains 40 % at Edirect [Figs. 3(c)
and (f)].
In Fig. 4(a), we plot the temporal evolution of L at
the two energy and these are compared to polarization-
independent photocurrent at Edirect. The surface pho-
tocurrent excited at almost temporal overlap of pump
and probe pulses at Edirect. Compared to the fast pho-
tocurrent excitation, it obviously delays near DP, and
drastically increases around at 200 fs. These results dis-
play the carrier dynamics of the TSS which is summa-
rized in Figs. 4(b)-(d). The photocurrent is firstly excited
due to the direct optical transition of the TSS at ∆t=0 fs
[Fig. 4(b)]. Within 200 fs, the excited electrons starts
to populate the unoccupied Dirac-cone at energies below
generating the asymmetric electron population even near
the DP as shown in Fig. 4(c). Importantly, the delayed
fillings of L indicates the time scale of inelastic intraband
scattering in the surface Dirac-cone (Γi), which is usu-
ally hindered by strong indirect filling of the electrons
excited in the bulk conduction bands [18]. After 200 fs,
the photocurrent decays through the elastic momentum
scattering (Γke) [Fig. 4(d)].
One may find different dynamics of L and D in
Fig. 4(a). In previous our experiment [16], the decay
of D due to Γk
e
was found to be slow 2.5 ps. The data
shows that L obviously decays faster than that for D and
the decay time of L is determined to be 300 fs. This re-
sult likely indicates different mechanisms in Γk
e
for these
two components of the surface photocurrent. Recently
many spin-resolved photoemission experiments presented
the strong polarization dependence of the spin excita-
tion [29–32]. Sanchez-Barriga et al directly investigated
the spin-polarization of the TSS in out-of-equilibrium by
spin- and time-resolved 2PPE and found its relaxation
time of nearly 300 fs [33]. Thus, the transient spin po-
larization in the TSS, if exists in the mid-IR excitation,
may enhance Γke , since the suppression of the backscat-
tering of the spin-helical texture is softened. The fast
dynamics of L can therefore include the spin-relaxation
mechanism but might only be disentangled by a direct
observation of the spin dynamics by using a combination
of spin-resolved 2PPE and mid-IR pump pulses. Indeed,
Γk
e
becomes the main factor for the transport properties
under static electric fields if the sample is close to charge
neutrality. Thus, the knowledge of the different dynam-
ics of the coherent surface photocurrent in the Dirac cone
is critically important for future spintornic applications.
In conclusion, we have directly investigated the ultra-
fast excitation and dynamics of the surface Dirac pho-
tocurrent in Sb2Te3 by means of time-resolved 2PPE.
The direct optical transition of the TSS induced by mid-
IR excitation enables us to not only generate the TSS
photocurrent but also coherently control over the surface
photocurrent by the mid-IR polarization through photo-
galvanic effect. Our technique directly images the tem-
poral evolution of the surface photocurrent in the TSS
in momentum-space, which visualizes the energy- and
momentum-relaxation processes of transient electrons in
the surface Dirac-cone. This work finds a role in applica-
tions requiring ultrafast optical control exploiting spin-
polarized surface Dirac electrons.
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